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Abstract Steady state and time dependent analysis of propagation of a Gaussian laser beam in a parabolic refractive index profile silica 
dielectric fiber has been presented The effect of thermal nonlinearity, which acts as perturbation on the geometrically built-in radial mhomogeneity 
ol rdractivc index, has been studied A paraxial ray approach has been adopted following Akhmanov and Sodha using the WKB approximation 
The dimensionless beamwidth parameter has been calculated for different axi^l points and the self-focusing and defocusing properties of such a 
medium have been studied for different values of related parameters If a positive value of dielectric constant is considered, focusing takes place, 
for the negative value, defocusing of the beam is seen A comparison of the steady state and time-dependent theories is made. It has been 
shown that the consideration of time factor gives new results to the propagation characteristics of the laser beam. In the intensity peaks due to 
self- focusing, a shift is noticed The critical power for scif-focusing for the same radial distance is found to be different tor the two theories, 
fhe propagation characteristics of the beam are found to be very sensitive with the effective value of the waveguide delta parameter. Results 
show a good agreement with the available experimental data and can be utilised in constructing new kind of thermal fiber devices.
Keywords Gaussian laser beam, propagation characteristics, thermal nonlinearity
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1. In t ro d u c tio n
The p h en o m en a  o f  s e lf - fo c u s in g  h a s , fo r  lo n g , b een  em p lo y e d  
for d isp e rs io n le ss  p ro p a g a t io n  o f  la se r  b e a m s  in o p tic a l 
fibers an d  o th e r  n o n l in e a r  m e d ia  [1 ,2 ] . C h ia o  et al 
dem onstrated tr a p p in g  b e h a v io u r  o f  b e a m  in a  d ie le c tr ic  cell 
experim entally  [3 ,4 ] . In  e a r ly  s e v e n tie s , H ase g a w a  an d  
Tappert [5] w e re  su c c e s s fu l in  e x p la in in g  th e  d isp e rs io n le s s  
propagation o f  la s e r  p u ls e  in  s i l ic a  d ie le c tr ic  f ib e rs  by  
utilising n o n lin e a r ity  o f  th e  m e d iu m . T o d a y , f ib e r o p tic s  
technology is fa s t c h a n g in g  th e  c o m m u n ic a tio n s  s e n a r io  o f  
the w orld. S till, o n e  h a s  to  g o  a  lo n g  w ay  in a c h ie v in g  th e  
goal o f  d is p e rs io n le s s  tr a n s m is s io n  o v e r  lo n g  d is tan ces . 
Propagation o f  t r a p p e d  p u ls e s  in  o p tic a l f ib e rs , a s  a  re su lt 
of self-focusing , is o f  c u r re n t in te re s t  b e c a u s e  o f  its p o te n tia l 
applications in o p tic a l sw itc ltf^ g , o p tic a l lim itin g , o p tic a l 
interconnection, o p tic a l w a v e g n id e s , d ire c tio n a l c o u p le rs ,
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K e ir- le n s  m o d e -lo ck in g , o p tic a l p o w e r f ilte r, o p tic a l fib e r 
a m p lif ie r , m u ltip lex e rs  an d  d e m u ltip le x e rs  etc [6].
T h e re  a re  th ree  m ain  m ech a n ism s w h ich  a re  re sp o n sb ile  
fo r th e  p h en o m en a  o f  se lf-fo c u s in g  a n d  d e fo c u s in g  o f  laser 
b e a m s in d ie le c tr ic , n am ely  e le c tro s tr ic tio n , K e rr  e ffe c t and  
th e rm a l e ffec t [7 ]. O u t o f  th ese , th e rm a l e ffe c ts  p lay  a 
s ig n ific a n t ro le  in a b so rb in g  m ed ia . A n  in ten se  lig h t beam , 
w ith  a  ra d ia l d is tr ib u tio n  o f  in ten sity , c a u se s  a  rad ia l 
g ra d ie n t o f  te m p e ra tu re  an d  h en ce  o f  d ie le c tr ic  c o n s tan t. 
T h is  lead s  to  fo cu s in g  o r  d e fo c u s in g  o f  th e  b e a m  d e p e n d in g  
o n  th e  n a tu re  o f  v a ria tio n  o f  th e  b eam  w ith  re g a rd  to  th e  
m e d iu m  p a ram e te rs . A  lo t o f  in v es tig a tio n  h as b e e n  ca rr ie d  
o u t  o n  th e  th e rm a l s e l f - f o c u s in g  o f  la s e r  b e a n s  in 
se m ic o n d u c to rs , d ie le c tr ic s  an d  p la sm a s , b o th  th e o re tic a lly
[8] an d  e x p e rim en ta lly  [9 - 1 3 ] .  S tead y  s ta te  a n d  n o n -s te a d y  
sta te  th e rm a l se lf-fo c u s in g  o f  an  in ten se  la se r  b e a m  in
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d ie le c tr ic  m e d iu m  h as a lso  b een  s tu d ie d  by  G h a ta k  an d  
S h arm a  [14 ].
O p tica l f ib e rs  w ith  p a ra b o lic a lly  g ra d e d  re fra c tiv e  in d ex  
p ro f ile  (a lso  k n o w n  as S E L F O C  fib e rs )  a re  n o w a d a y s  used  
e x te n s iv e ly  in o p tic a l c o m m u n ic a tio n  sy s tem s d u e  to  th e ir 
la rge  in fo rm a tio n  c a rry in g  c a p a c ity  an d  lo w  d isp e rs io n  [15]. 
T h e  ray  p a th s  a re  u su a lly  s in u so id a l in  su c h  f ib e rs  [1 6 ]. T h e  
o p tica l c h a ra c te r is tic s  o f  a  f ib e r w a v e g u id e  d e p e n d  la rg e ly  
on  its re f ra c tiv e  in d ex  p ro f ile  [1 7 ,1 8 ] . T h e  f ib e r g e o m e try  
p a ra m e te rs  a re  re sp o n s ib le  fo r  lim itin g  th e  in fo rm a tio n  
c a rry in g  c a p a c ity  o f  th e  b eam  d u e  to  th e ir  s ig n ific a n t e ffec t 
on  d isp e rs io n  an d  a tte n u a tio n . T h e re  is a  c le a r ly  p ro n o u n c e d  
te n d en c y  to w a rd s  sh o r te n in g  o f  la se r  p u lse s . P u lse s  o f  
p ic o se c o n d  d u ra tio n  a re  n o w a d a y s  co m m o n . It is, th e re fo re , 
n e c e ss a ry  to  ta k e  in to  c o n s id e ra t io n  th e  n o n s ta tio n a ry  
p ro c e s se s  a n d  th e  re la x a tio n  e ffec ts .
In  th e  p re s e n t an a ly s is , w e  s tu d y  th e  e ffe c t o f  th e rm al 
n o n lin e a r i ty  o n  th e  f ib e r  p a ra m e te r s  an d  p ro p a g a t io n  
c h a ra c te r is tic s  o f  th e  la se r  b eam . F o llo w in g  th e  a p p ro a c h  
a d o p te d  by  A k h m a n o v  et al [1] a n d  S o d h a  et al [2] an d  
e m p lo y in g  th e  p a ra x ia l ra y  a p p ro x im a tio n  fo r se lf-fo c u s in g , 
a  m a th em atica l m o d e llin g  has b een  d e v e lo p e d  u sin g  n u m erica l 
c o m p u ta tio n . T h e  p re s e n t th e o ry  m a y  fin d  its u se  in 
m a n u fa c tu r in g  n o n lin e a r  o p tic a l p a ss iv e  d e v ic e  su ch  as a 
n ew  k in d  o f  th e rm a l o p tica l d ire c tio n a l c o u p le r .
O u r a n a ly s is  has b een  d is c u sse d  in th re e  se c tio n s . F irst, 
w e  d isc u ss  s tead y  s ta te  th e rm a l e ffec ts . In th e  s e c o n d  sec tio n , 
tim e  d e p e n d e n t th e rm a l e ffe c ts  h av e  b e e n  d is c u sse d  at 
leng th . In  th e  last, a  c o m p a ra tiv e  a n a ly s is  o f  th e  s te a d y  s ta te  
and  tim e -d e p e n d e n t th e rm a l se lf-fo c u s in g  is d o n e  an d  th e  
re su lts  a c h ie v e d  th e re b y  a re  c o m p a re d  w ith  th e  a v a ila b le  
e x p e rim en ta l d a ta .
2. S te a d y  s t a te  th e r m a l  e f fe c ts
2.1 Effective dielectric constant of the medium .
L et us co n sid e r a cy lin d rica l d ie le c tr ic  o p tica l f ib e r w av eg u id e  
h a v in g  co re  ra d iu s  a. T h e  c o re  is su r ro u n d e d  by a c la d d in g  
reg io n . H ere , w e assu m e th a t th e re  is a g e o m e tr ic a lly  b u ilt-  
in p a ra b o lic  g ra d ie n t o f  d ie le c tr ic  c o n s ta n t in s id e  th e  co re . 
F o r su ch  a  m ed iu m , th e  d ie le c tr ic  c o n s ta n t d is tr ib u tio n  is 
g iv en  by  [1 5 ]
fo  = f | [ l  - 2 / 4 ( r / f l ) 2 ]  fo r 0  <  /• < £7,
=  € \[ \-2 A ]  fo r r > a, (1)
w h e re  A =  a  d im e n s io n le ss  p a ra m e te r ,
c\ = d ie le c tr ic  c o n s ta n t o f  th e  c o re  at its ax is ,
 ^ d ie le c tr ic  c o n s ta n t o f  the  c la d d in g .
Lei us a lso  c o n s id e r  th a t the  m ed iu m  h as fin ite  (n o n -z e ro )  
th e rm a l c o n d u c tiv ity . In the p re sen ce  o f  rad ia l c o n d u c tio n
o f  h ea t, th e  d ie le c tr ic  c o n s ta n t o f  th e  c o re  c a n  b e  written 
as
s  = e o ^ [ 7 \ r ) - n 0 ) ] ^ .
d£ .
H ere , is th e  th e rm a l g ra d ie n t o f  th e  d ie le c tr ic  constant 
o f  th e  f ib e r c o re  an d  | T\r) -  71(0)] is th e  te m p e ra tu re  variation 
n e a r  th e  ax is .
A c y lin d ric a lly  sy m m e tric  G a u ss ia n  la s e r  b e a m  is incident 
n o rm a lly  o n  th e  p la n e  su rfa c e  o f  th e  f ib e r  (w h o se  axis is 
c o in c id e n t w ith  th e  z a x is )  a t z  =  0 . T h e  ra d ia l  intensity 
d is tr ib u tio n  o f  th e  b e a m  Is g iv en  by  [8]
A i(r ,z )  = -exp! ■haz] (3 )/H ^ )
H e re , tq is th e  in itia l w id th  o f  th e  la se r  b e a m  a n d  a  is the 
in te n s ity  a b so rp tio n  c o e ff ic ie n t o f  th e  b e a m  w h ic h  accounts 
fo r  th e  lo s se s  an d  a tte n u a tio n  o f  th e  b eam . S in c e  the  fiber 
is m ad e  up  o f  an  a b so rb in g  m a te r ia l, th e  in c id e n t pow er I\ 
a tte n u a te s  a s  th e  b e a m  p ro p a g a te s  a lo n g  th e  z d irec tion  
P ,c \p {-a z).  (4)
A t an y  ra d ia l p o in t r ,  th e  fra c tio n  o f  a v a ila b le  ax ia l power 
w ill th e re fo re  b e  g iv e n  by
P{r,z) = P\ I ~ e x p |
ro\n
T h e  p o w e r a b so rb e d  fro m  th e  b e a m  by  th e  f ib e r  core will 
b e  c o n d u c te d  a c ro s s  its c u rv e d  su rfa c e .
In s te a d y  s ta te , th e  e q u a tio n  fo r  th e  c o n d u c tio n  of 
te m p e ra tu re  7\r) a lo n g  th e  c u rv e d  su rfa c e  o v e r  a section  ±  




H e re , K is th e  th e rm a l c o n d u c tiv ity  o f  th e  f ib e r  m edium  in 
W  m ' W e h av e  u sed  th e  T a y lo r  se r ie s  expansion  foi 
th e  p a ra x ia l ( r  < <  d) d is tr ib u tio n  o f  te m p e ra tu re , an d , making 
u se  o f  eq . (5 ) , w e  o b ta in  th e  v a r ia tio n  in te m p era tu re
T ( r ) - r ( 0 ) * r dr
i (
:-(SL
e x p ( - c c ) . (71
2  \ 2 n K r i p
E q . (2 )  ta k e s  th e  fo rm
aP, e x p ( - Q z )
“ IrrKr^P dT 
S u b s titu tin g  eq . ( I )  in eq . (8 ) , a n d  re a r ra n g in g  th e  terms, one 
o b ta in s  th e  fo llo w in g  e q u a tio n  ;
( 8 )
= £ • ,[1 -2 .5 ]
fo r  0  <  r  ^  a , 
fo r  r  >  a , (9)
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w here S = A +
aP, e x p ( - a r )  ds\ ( 
i/dCci ( 10)d T { r i P
From  eq. (1 0 ) , it is o b v io u s  th a t th e  p a ra m e te r  S, a p a r t from  
depending  o n  th e  g e o m e try , a lso  d e p e n d s  o n  th e  d ie le c tr ic  
therm al g ra d ie n t. S in c e  w e  a re  fo llo w in g  th e  p a ra x ia l ray  
approach , in w h ic h  o n ly  th e  ray s  n e a r  to  th e  ax is  a re  
considered , th e  p ro p a g a to n  c h a ra c te r is tic s  o f  th e  b eam  in th e  
cladding re g io n  c a n  b e  o v e rlo o k e d . T h e re fo re , o u r  d iscu ss io n  
will be  c o n fin e d  to  th e  n e a r-a x is  re g io n  ( r « a )  o f  th e  co re  
only.
2 2 Wave equation for self-focusing .
1'he w ave e q u a tio n  fo r  a  n o n -m a g n e tic  an d  n o n -(e le c tr ic a lly )  
conducting m e d iu m , o b ta in e d  b y  so lv in g  M a x w e ll’s eq u a tio n s 
can be w ritten  a s  [7 ,8 ]
V ^ £ - 4 - ^ ^  +  V1
where c is th e  v e lo c ity  o f  e le c tro m a g n e tic  b eam . N ow , 
follow ing A k h m a n o v  et al [1 ] a n d  S o d h a  et al [2] and  
applying th e  W K B  a p p ro x im a tio n  fo r  p a ra x ia l ray s , o n e  g e ts
^  V 2 ( ln £ ‘) «  1. ( 12)
Bq. (12) g iv es  th e  c o r re c t a p p ro x im a tio n  h e re  b ecau se , fo r  
paraxial rays, th e  h ig h e r  o rd e r  te rm s  w ill be  sm all and  
negligible an d  th e  n o n lin e a r ity  o n ly  a c ts  as p e rtu rb a tio n . So, 
we can w rite  eq . ( 1 1 )  as
: T ^ = 0 -  (13)
Now, w e c o n s id e r  a  p la n e  w a v e  so lu tio n  o f  th e  ty p e
E =  / t ( z , r ) e x p [ / ( a > r - f e ) ]  (1 4 a )
with A(z,r) = Ao(z,r)exp[-ikS(z,r) ] , (1 4 b )
where /c = p ro p a g a tio n  c o n s ta n t o f  th e  b eam ,
M =  a n g u la r  fre q u e n c y  o f  th e  s ig n a l,
A(z, r) = c o m p le x  e n v e lo p e  o f  th e  fie ld , 
v4o(-, r) =  a m p litu d e  o f  th e  e n v e lo p e  
and S(z, r) =  p la n e  w a v e  e ik o n a l.
Using cy lin d rica l c o o rd in a te s  a n d  th e  p la n e  w av e  so lu tio n ,
we obtain the w av e  e q u a tio n  as
On separating  th e  re a l an d  im a g in a ry  p a r ts  o f  eq . (1 5 ) , one 
can obtain the fo llo w in g  tw o  e q u a tio n s
(-'r j k^Aol^ ^r^
(16a)
£A^
Pz ■ + (?r
L e t th e  g en era l so lu tio n  to  b e  o f  th e  G a u ss ia n  fo rm , eq . (3 ) , 
w ith
S ( z . r )  = - ^ / ? ( z )  +  ^ ( 2 ) ,  (1 7 )
a lso ( 18)
H ere , /  -  /(z)  is th e  d im en sio n le ss  b eam -w id th  p a ra m e te r  
an d  rof is th e  w id th  o f  th e  beam .
U sin g  eqs, (1 7 ), ( 18) an d  (1 4 b ) in eq . (1 6 a )  a n d  c o lle c tin g  
p o w ers o f  o n  b o th  s id es o f  th e  re su ltin g  eq . [1 ,2 ] , w e g e t 
the  seco n d  o rd e r b eam -w id th  e q u a tio n
cfV  ____1 _
'b (1 9 )
w h ere  is g iv en  by  eq . (10 ).
2.S. Condition for uniform waveguide propagation and 
critical power :
W h en  th e  d iffrac tio n  d iv e rg en ce  o f  th e  laser b e a m  is e x ac tly  
b a la n c e d  b y  th e  fo cu s in g  e ffec t in th e  m ed iu m , th e  b eam  
p ro p a g a te s  in  a  s e lf- tra p p e d  w a v e g u id e  m o d e  w ith o u t 
c o n v e rg e n c e  o r  d iv e rg e n c e . T h u s , a p p ly in g  th e  in itia l 
co n d itio n , th a t a  z =  0 , / =  1 an d  e q u a tin g  th e  R .H .S . o f  eq .
(1 9 )  eq u a l to  ze ro , o n e  can  o b ta in  [7 ,8 ]
OTq _
c
2 f  1 \  A + aiP i)g  dsi 
%nK€\ d T fe)'i (20)
In the  ab o v e  equation , is the  critica l p o w er c o rre sp o n d in g  
to  th e  a b o v e  co n d itio n . T h e  c ritica l p o w e r c an  b e  w ritte n  as
( /^ )c r  =
A7dCe\
aikro)^(deildT) (21)
3 . T im e  d e p e n d e n t  th e r m a l  efTects
3. /. Solution for the effective dielectric constant :
In  o rd e r to  stu d y  the  tim e  d e p e n d e n t th e rm a l e ffe c ts  in  a  
p a rab o lic  index  o p tica l fib er, th e  v a ria tio n  o f  th e  d ie le c tr ic  
co n s ta n t c an  be a ssu m ed  to  be  o f  th e  fo llo w in g  fo rm
£ = £ o + ^ T { r , z , t ) . (22)
H ere , ^  is g iv en  b y  eq . (1 ) , th e  t h e m a l  g ra d ie n t o f  th e  
d ie le c tr ic  c o n s tan t is d£\/dT a n d  T (r, z, t) is th e  tem p e ra tu re  
rise  w h ich  d e p en d s  o n  tim e  in th e  p re se n t sec tio n . B e c a u se  
o f  th e  cy lin d rica l sy m m etry  o f  th e  c o re  a n d  th e  rad ia l 
c o n d u c tio n  o f  h ea t, w e  h a v e  n e g le c te d  th e  a z im u th u l 
co o rd in a te s  and  th e  te rm  d^TId^ w h ich  is c o n s id e ra b ly  
sm all [ 9 ,14]. T h ere fo re , th e  h ea t c o n d u c tio n  eq u a tio n  b eco m es
w h ere  p  is th e  d en sity  o f  th e  m ed iu m  in kgf'm ^ Cp is th e  
sp ec ific  h ea t in J k g  ' ° C r ',  K is th e  th e rm a l co n d u c tiv ity
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in  W  m ' an d  Q is th e  so u rc e  te rm  (W /m ^) d u e  to  h e a tin g  
o f  th e  m ed iu m  by  th e  la se r beam .
In o rd e r  to  so lv e  th e  w av e  eq . (1 3 )  fo r  w h ich  th e  
d ie le c tr ic  c o n s ta n t d is tr ib u tio n  is g iv e n  b y  (2 2 ) , o n e  h as to  
d e te rm in e  th e  te m p e ra tu re  fu n c tio n  f ( r .  2 , t). F o r th is , w e 
h av e  so lv e d  eq . (2 3 )  su b je c t to  th e  in itia l b o u n d a ry  c o n d itio n s  
by  u s in g  th e  m e th o d  o f  se p a ra tio n  o f  v a r ia b le s  [19 ]. H en ce , 
o n e  g e ts
2_
' 1  J g ' ( ^ . . 0
' [ 7 , « ) f  Jo
(2 4 )
z,t)rJo(r^ ,)dr , (2 5 )
: expl -
w h e re  in  v iew  o f  th e  a b o v e  eq . (5 ) , w e  can  a ssu m e  th e  
so u rce  te rm  as
aPi e x p { ( - ( a z  +  r /  ; r ) l
Qir , z , t )=
• - « p | - 3 ^ 2  (2 6 )
H ere , a n d  J\{a^i) a re  th e  B esse l fu n c tio n s  o f  o rd e r
z e ro  a n d  o n e  re sp e c tiv e ly . T h e  c o n s ta n ts  a re  th e  p o sitiv e  
ro o ts  o f  th e  e q u a tio n  7o(a4 i) “  0  w ith  / b e in g  a  p o s itiv e  
in teg e r. A lso , r = ro p  CjJ{aK) is th e  re la x a tio n  lim e  
( in  se c o n d s )  fo r  th e  th e rm a l s ta tio n a ry  s ta te  to  se t in. F o r 
th e  p a ra x ia l re g io n , th e  fo rm u la  fo r  te m p e ra tu re  rise  tak es  
th e  fo rm
T ( r , 2 , / )  =  -
A;tK r i P
l  +  e x p  - 2 f2
- e x p ^ (2 7 )
In d e r iv a tio n  o f  th e  a b o v e  e q u a tio n , w e h av e  ta k e n  th e  in itia l 
b o u n d a ry  c o n d it io n s  a s  : in itia lly , w h en  /  =  0  an d  z =  0, the  
te m p e ra tu re  fu n c tio n  is a  fu n c tio n  o f  r o n ly , a n d  a t r  =  0, 
dT/dr -  0 . P lo t o f  th e  te m p e ra tu re  fu n c tio n  w ith  rad ia l 
d is ta n c e  fro m  th e  ax is  sh o w s g ra d u a l d e c re a s e  as  o n e  
m o v e s  aw a y  fro m  th e  a x is  in ra d ia lly  o u tw a rd  d ire c tio n  (see  
F ig u re  1). S u b s titu tin g  fo r £() a n d  T (r , z, t) u s in g  eq s . (1 )  an d
(2 7 )  re s p e c tiv e ly  an d  th e n  s im p lify in g , th e  eq . (2 2 )  fo r 
d ie le c tr ic  c o n s ta n t ta k e s  th e  fo llo w in g  fo rm  fo r th e  c o re  
re g io n
£ \ (28)
Figure 1. Vanalion of the temperature function T(r.z,t) with the fadial 
coordinate (r) in steady state and time dependent analysis Here, ro^ 25 
pm, a  “  02 cm Py = 10 W, /C = 2 3x10  ^ Wm ' “C^
w h e re  St is g iv e n  by
aP,e~^
St = J  +
de I CJ^
%nKcy dT r ^ p 1 -f e x p 'b  /
- e x p ^ -
' i { P + t l T ) \ (29)
T h e  g ra p h  o f  ra d ia l v a r ia tio n  o f  € is sh o w n  in F ig u re  2 . 
I t is w o rth w h ile  to  m e n tio n  h e re  th a t i f  w e  su b s titu te  t  ^ 0
Figure 2. The cfTectivc dielectric constant (f) variation with the radiil coordinate (r) for different values o f the dielectric thermal gradient {dc\l 
dT) and the normalised time (r/r). Here, a  -  25 pm «  ro. o  *  0.2 cm . A  -  10 W. AT -  2 3x  10"  ^ Wm '^C"'. A »  0.01
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in eq. (28 ), it r e d u c e s  to  th e  eq . (9 )  re la te d  to  th e  s tead y
state case.
j  2 Second order beamwidth equation :
We fo llow  th e  m e th o d  a d o p te d  in  S e c tio n  2  to  so lv e  th e  w av e  
equation. E m p lo y in g  th e  W K B  a p p ro x im a tio n  a n d  m ak in g  
u.se o f  th e  p la n e  w a v e  e ik o n a l , o n e  g e ts
Substitu ting  fo r  A{r, z) f ro m  eq . (1 4 b ) , a n d  th en  se p a ra tin g  
the real an d  im a g in a ry  p a rts , o n e  o b a tin s  th e  fo llo w in g  se t 










dAl _ dS dA l
dz dr dr  '
(3 1 a )
(3 1 b )
By m aking  use  o f  e q s . (1 7 )  a n d  (1 8 )  a n d  th en  c o lle c tin g  the  
powers o f  r^, w e  o b ta in  fro m  th e  a b o v e  eq . (3 0 ) , w h ich  is 
again th e  s e c o n d  o r d e r  n o n l in e a r  e q u a t io n  fo r  th e  
d im ension less b e a m w id th  p a ra m e te r
1 - ■ i j f S , , (3 2 )dz- k^ r^ p  , 0  
In the ab o v e  eq . (3 2 ) , th e  p a ra m e te r  St is g iv en  b y  eq . (2 9 ).
J 3 CrMical powder for the time-dependent case :
Whenever th e  d iv e rg e n c e  c a u se d  d u e  to  d iffra c tio n  e x ac tly  
equals to th e  c o ll im a tin g  (fo c u s in g )  te rm , se lf- tra p p in g  o f  th e  
beam o ccu rs . H e n c e , in th e  e q . (3 2 ) , le t us a p p ly  th e  
boundary c o n d itio n  as s ta te d  in S e c tio n  3.1 an d  fo llo w in g  
the approach o f  S o d h a  a n d  c o w o rk e rs  [7 ,8 ] , w e  h av e
v2
c
■ (3 3 )
In the above eq u a tio n , {P,)a is th e  c ritic a l p o w e r  co rre sp o n d in g  
to the ab o v e  c o n d it io n . S o lv in g  th e  e q u a tio n , th e  c ritie a l 
power in th e  p re s e n c e  o f  t im e -d e p e n d e n t th e rm a l n o n lin e a r ity  
may be w ritten  a s
(P ,)c r  = aikrb)^{dsi /dT)^  J
(34)
4. R e s u lts  a n d  d is c u s s io n
T h e  fo re g o in g  an a ly s is  o f  la se r b eam  p ro p a g a tio n  th ro u g h  
th e  o p tica l fib e r m ay  be usefu l in o b ta in in g  m an y  u se fu l 
re su lts . S om e o f  th e  sa lie n t re su lts  a re  d is c u sse d  in  th is  
sec tio n . In th e  en d , a  c o m p a riso n  w ith  th e  e x p e rim e n ta l 
re s u lts  is d o n e  a n d  th e  im p o r ta n c e  o f  th e  th e o ry  is 
d iscu ssed .
In  F ig u re  1, th e  rad ia l p ro f ile s  o f  te m p e ra tu re  fu n c tio n  
are  d isp lay ed . A s o n e  m o v es  o u tw a rd s  in th e  ra d ia l d ire c tio n , 
the  te m p e ra tu re  rise  d u e  to  h e a tin g  o f  th e  m e d iu m  d im in ish es . 
T h e  r is e  in  te m p e ra tu re  a c ts  as  p e r tu rb a t io n  o n  th e  
g eo m e trica lly  b u ilt- in  g rad ien t o f  th e  d ie le c tr ic  c o n s ta n t in 
th o se  d ie le c tr ic s  fo r  w h ich  d£]ldT> 0  as in th e  ca se  o f  s ilic a  
fib ers . T h is  cau ses  an  en h a n c e m e n t in th e  fo c u s in g  p ro p e r ty  
o f  th e  fiber, A c o m p ariso n  o f  th e  so lid  cu rv e , d ra w n  fo r th e  
s tead y  sta te  case , w ith  th e  d o tted  c u rv es  (d raw n  fo r th e  tim e  
fac to rs  t/r=0.\ and  f/r== 1 re sp e c tiv e ly ) sh o w s th a t th e  e ffec t 
o f  tem p era tu re  rise  d im in ish es  as  th e  tim e  e lap se s . A s the  
d u ra tio n  o f  p u lse  e x ceed s  th e  re la x a tio n  tim e , th e  r ise  in 
te m p era tu re  sa tu ra te s .
T h e  so lid  cu rv e  in F ig u re  2 sh o w s a  g rad u a l d e c re a se  o f  
th e  d ie le c tr ic  c o n s ta n t in th e  ra d ia l d ire c tio n  d u e  to  p a ra b o lic  
g eo m e try  o f  th e  o p tic a l fib e r. I f  th e  c o re  m a te ria l h as a lso  
an  ad d itiv e  th e rm a l n o n lin ea rity , th e n  th e  fa ll in  th e  d ie le c tr ic  
c o n s ta n t in th e  o u tw ard  rad ia l d ire c tio n  m ay  b e  n o tic e d  
s te e p e r as th e  d o tte d  c u rv es  sh o w . T h e  tim e  d e p e n d e n t 
an a ly s is  p re d ic ts  lo w er v a lu e s  o f  th e  d ie le c tr ic  c o n s ta n t fo r  
th e  sam e  rad ia l d is tan ce . T h is  b e h a v io u r  m a y  a ffe c t th e  
p r o p a g a t io n  c h a r a c t e r i s t i c s  o f  f ib e r  a n d  m a y  c a u s e  
e n h a n c e m e n t in  th e  fo c u s in g  o r  d e - fo c u s in g  o f  la s e r  
b eam .
F ro m  th e  eq . (1 0 )  an d  (2 9 ) , it m ay  b e  n o tic e d  th a t th e  
p a ra m e te rs  S an d  St s tan d  fo r  a  ch an g e  in th e  g eo m e trica l 
f a c to r  A. A s th e  n o rm a lis e d  t im e  f a c to r  a p p ro a c h e s  
in fin ity , St sa tu ra te s  to  a c o n s ta n t v a lu e  (se e  F ig u re  3). T h e  
a tte n u a tio n  co n s ta n t a a lso  a ffec ts  St as th e  g ra p h s  show . 
F ro m  F ig u re  3, o n e  m ay  in fe r tha t, fo r  th e  laser p u lse s  w h ich  
a re  o f  v ery  sh o rt d u ra tio n , i.e. t «  r, tra n s ie n t reg io n  
b e h a v io u r  w ill p lay  an  im p o rtan t ro le  in  th e  p ro p a g a tio n  
ch a ra c te ris tic s . W h en  th e  d u ra tio n  o f  p u lse  c o n s id e ra b ly  
e x c e e d s  th e  re la x a tio n  tim e  r  o f  th e  n o n lin e a r  m ed iu m , th e  
q u a s is ta tic  reg io n  p a ra m e te rs  w ill g o v e rn  th e  p ro p a g a tio n  
b eh av io u r . F o r  th e  th e rm a l n o n lin e a rity , th e  re la x a tio n  tim e  
is th e  tim e  o f  th e rm o -d iffu s io n  a n d  its ty p ic a l v a lu e s  a re  0.1 
to  1 seco n d .
T h e  d im e n s io n le s s  b e a m w id th  p a r a m e te r  /  is  a n  
im p o rta n t fa c to r in th e  d isc u ss io n  o f  se lf-fo c u s in g /d e fo c u s in g  
o f  la se r b eam . In m an y  s tu d ie s  [ 2 0 - 2 8 ] ,  th is  h a s  b e e n  so lv ed  
sp ec ia lly  fo r  th e  p la sm a  m ed iu m . W e h a v e  so lv e d  fo r  th e  
sam e  u s in g  eqs. (1 9 )  a n d  (3 2 )  e m p lo y in g  th e  s e c o n d  o rd e r  
R u n g e -K u tta  m e th o d  a n d  th e  c o n d it io n  ^ f  s e lf - tra p p e d  
w a v e g u id e  [3 ,4 ,8 ] .
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Figure 4. Variation of the bcamwidth p a ra m ^  (/) with axial distance (z) 
for different values of attenuation constant (a) and dielectric theimal 
gradient (dsiUir), with f>( -  10 W. -  2.25, a -  ro -  25 pm. if -  2.3 » 
10-’  ^ -  0 .0 1 .
is co n sid e red . T e m p o ra l c o n s id e ra tio n s  sh o w  a  sh if t in the 
fo cu s in g  p o in ts  a lo n g  th e  ax is  an d  a lso  a  m o re  a ttenuated  
beam . I f  a  m a te ria l w ith  n eg a tiv e  th e rm a l g ra d ie n t is taken 
a d e fo c u s in g  e f le c t m ay  be  o b se rv ed .
In  F ig u re  5, th e  v a ria tio n  o f  corolc w ith  th e  in p u t critical 
p o w e r (P ,)c r ,  u sin g  eqs. (2 0 )  an d  (3 3 ) , is sh o w n . In  earlier
9. Variation of the delta parameter (iS) with normalised time 
(t^i) with different values of attenuation constant (a) We have. P, -  
10 W. rfn/rff -  093 x 10-  ^ "C-'. zi -  2 25, o -  ro = 25 (im it -  2 3 « 
I i r ’ A -  0,01
In  th e  f ib e r, th e  c au ses  o f  b eam  a tte n u a tio n  are  m ostly  
fiber im p e rfe c tio n s , m ic ro b e n d in g  lo sses  an d  d isp e rsio n . 
T h e  d o tte d  p lo t in F ig u re  4 sh o w s th a t th e  la se r b eam  g o es  
u n a tte n u a te d  in th e  ab se n c e  o f  a tten u a tio n . T h e  so lid  cu rv e  
d isp la y s  a tte n u a tio n  o f  th e  b eam  w h en  th e rm a l n o n lin ea rity
.......M r-t.n iiax^i.i'f-a
---- • - 0  2Mr>,ii|44r-•nBir*«C-i.»r-0  I-  • - A  Mr- ^•f Sni ri 9C> r . - O I
Figure 5. Plots of the quantity (ruro/c) with the critical input power (P,X, 
for different values of the time factor (r/r) In these graphs, dcxtdr = 
0 93 « 10^ “C V ci * 2 25, fl * To ” 25 pm. A' = 2 3 10  ^ Wm '
and A = 0 01
Figure 6. Nonnalised axial intensity variation with the axial distance (2) 
in stationary and time dependent case for different values of thermal 
gradient {de\ldT), Here, a -  0.2 cm ' and ro “ a -  25 pm
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studies [2 ,2 1 ,2 2 ,2 4 ] , tw o  in p u t c ritic a l p o w e rs  in  p la sm a  
medium h a v e  b e e n  re p o r te d . A s  th e  p re s e n t d is c u ss io n  
shows, fo r a  g iv e n  ra d iu s  th e re  is a  s in g le  v a lu e  o f  B ut 
if the tim e  o f  o b s e rv a tio n s  a re  d if fe re n t, o n e  m ay  g e t 
different v a lu e s  o f  c r i t ic a l  p o w e r fo r  se lf-fo c u s in g  a t the  
same rad ia l d is ta n c e . A t ro =  4 p m , w h en  tlx =  0, (/^ ,)cr =
0.3 W an d  w h e n  / / r = '0 .1 ,  (/*,)cr =  0.1 W .
A sh ift in th e  in te n s ity  p e a k s  m ay  b e  n o tic e d  as sh o w n  
in F igure  6 . In c a se  o f  fo c u s in g , a  lo w e rin g  o f  th e  m ax im u m  
intensity  ta k e s  p la c e  d u e  to  a tte n u a tio n . T h e  firs t in ten sity  
peak for / / r =  0  is a t (0 .0 2 5 , 4 0 ) . w h e re a s  fo r  tlx=  0 .1 , it 
is at (0 .0 3 , 3 2 ). In c a se  o f  d e -fo c u s in g , th e  p lo t sh o w s 
absence o f  p e a k s  a n d  s lig h t a tte n u a tio n .
in d ica te  th a t th e  p u lse s  o f  d if fe re n t tim e  d u ra tio n  a n d  p o w e r  
w ill h a v e  d iffe re n t p ro p a g a tio n  c h a ra c te r is tic s  fo r  th e  sam e  
ty p e  o f  fib e r. T h is  in fo rm a tio n  m ig h t be  u se fu l fo r  d e s ig n in g  
d if fe re n t fib e r d ev ice s .
T h e rm a l se lf-fo c u s in g  p a ra m e te rs  in d if fe re n t m a te ria ls  
a re  sh o w n  in T a b le  1 . O u r re su lts  in d ic a te  th a t th e  in ten sity  
g a in  fo r  tim e  d e p e n d e n t ca se  is s lig h tly  lo w er th a n  th e  
s ta tio n a ry  s ta te  case . N o n lin e a r  focal leng th  Zf fo r  s ilic a  fib e r 
is very  sm all. T h e  sm a lle r  v a lu e  o f  n o n lin e a r  fo ca l leng th  
m ay  b e  a sc r ib ed  to  th e  fac t th a t fo cu s in g  p ro p e r tie s  o f  th e  
m ed iu m  in c rea se  d u e  to  th e  th e rm a l n o n lin ea rity . T h e  b eam
tiRurc 7. Plot of Uie available experimental data for the normalised axial 
power density versus time (/) alongwith the results of present analysis 
Here, = I 5 ^m = ru, a  “  0 2 cm‘ '. = 4 8 mW, A: = I 142 x 10 ^
Wm ‘%' c/i:,/dr =* -I X lO--* •»C-‘
In F ig u re  7, th e  n o rm a lis e d  ax ia l p o w e r d e n s ity  is 
plotted a g a in s t tim e . A c o m p a r iso n  is m a d e  u s in g  th e  
ex perim en tal re s u lts  o f  A k h m a n o v  e t al [9 ] , D a b b y  et a /  [13 ] 
for a dye sa m p le  u s in g  a  H e -N e  la se r  w ith  o u tp u t p o w e r o f  
4.8 m W  at 6 3 2 8  A in T E M qo m o d e  an d  G h a ta k  a n d  
Sharm a [1 4 ]. T h is  f ig u re  sh o w s th a t th e  re su lts  o f  th e  
present m o d e llin g  o f  th e  p ro b le m  a rc  in  g o o d  a g re e m e n t 
with the e x p e rim e n ta l re su lts  as  c o m p a re d  w ith  th o se  o f  [1 3 ] 
and [14].
F igure 8  sh o w s  th e  v a r ia tio n  o f  th e  d e lta  p a ra m e te r  w ith  
the log o f  in p u t p o w e r. It m ay  be seen  th a t th is  p a ra m e te r  
5»hows an in c re a se  w ith  in c re a se  jn  in p u t p o w er. R esu lts
Figure 8. Variation of the delta parameter values of the fiber with the 
log of input power. Here, -  2 25, a -  ro ~ 25 |.un, K  = 2.3 x 10 ’ 
Wm '-C ’. / ^  I, A » 0 01, d £ \ ld T ‘  -1 x 10  ^ “C ‘
ra d iu s  o f  the  fib e r is a lso  v e ry  sm a ll ( o f  th e  p m  ra n g e ) in 
c o m p a r iso n  to  the  o th e r  s tu d ies . T h is  is a lso  th e  re a so n  fo r 
a v e ry  low  z/ [2 ,7 ,8 ] .
T h e  a v a ila b le  th e o re tic a l m e th o d s  [8 ,1 2 ,2 5 ,2 7 ]  m ak e  th e  
ta sk  o f  so lv in g  th e  n o n lin e a r e q u a tio n s  e a s ie r . H o w e v e r, the  
n o n -p a ra x ia l re g io n  m ay  b e  e x p lo re d  b y  u s in g  o th e r  [ 2 5 ,2 8 ]  
m e th o d s . In  re c e n t y ea rs , th e re  h a s  b e e n  an  in te re s t in  th e  
te c h n iq u e s  in  w h ich  lig h t is c o n tro lle d  o r  m a n ip u la te d  by  
lig h t [2 9 ]. T h e  re su lts  p re se n te d  h e re  in d ic a te  th a t th e  
p ro p a g a tio n  c h a ra c te r is tic s  o f  G a u ss ia n  la se r  b e a m  in  th e  
p a ra b o lic  in d ex  o p tic a l f ib e r a re  v e ry  se n s itiv e  to  th e  th e rm a l 
n o n lin e a rity . B y  p ro p e rly  s e le c tin g  f ib e r  p a ra m e te rs , c r i tic a l 
p o w er, a tten u a tio n  c o n s ta n t, c o n d u c tiv ity  etc., th e  in ten sity  
o f  lig h t can  b e  c o n tro lle d  in a  p re d e te rm in e d  a n d  p re d ic ta b le  
m a n n e r .
TiUc 1. Thermal self-focusing parameters m different materials
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Sample
material
Laser Beam Sample Absorption Nonlinear Intensity gain
beam input radius ro length coeff focal length Stationary Time-dcpcndcni
power Pf (W) (mm) / (cm) a  (cm ‘) zi (cm) case case
LiNbOj* + Nd 06 0 35 04 9 6 *
Glass'’ TR-105 0.9 0 35 12 0 1 10 - -
Lead^ glass 8 08 15 20 30 - 1
25
35
Glass' - - - - 10 - -
Crown*^ glass 5 1 2 30 0 04 30 - 200
5% Nd 05
Silica* gkss fiber 10 25 (pm) 0 2 0 2 0 025 40 32
‘Akhmanov et al {\], *’Akhmanov et al [9], "Dabby et al |13), 'Dobby and Schmidt [30], "^Carman et al [31], ^Present analysis
[16]A ck n o w led g em en t
Authors are thankful to P ro f R S M ina, Principal, Governm ent 
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